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The complex coupling between charge carriers and phonons is responsible for diverse phenomena in con-
densed matter. We apply ultrafast electron diffuse scattering to unravel electron-phonon coupling phenomena
in 1T-TiSe2 in both momentum and time. We are able to distinguish effects due to the real part of the many-
body bare electronic susceptibility, ℜ [χ0(q)], from those due to the electron-phonon coupling vertex, gq, by
following the response of semi-metallic (normal phase) 1T-TiSe2 to the selective photo-doping of carriers into
the electron pocket at the Fermi level. Quasi-impulsive and wavevector-specific renormalization of soft zone-
boundary phonon frequencies (stiffening) is observed, followed by wavevector-independent electron-phonon
equilibration. These results unravel the underlying mechanisms driving the phonon softening that is associated
with the charge density wave transition at lower temperatures.
I. INTRODUCTION
Exotic properties and ordering transitions in quantum ma-
terials often arise due to interacting electronic and lattice de-
grees of freedom that compete for a non-trivial ground state.
For example, the onset or suppression of superconductivity
can be closely related to the existence of a charge-density
wave (CDW) phase [1, 2]. Both phases can emerge from mi-
croscopic electron-phonon coupling processes but with vastly
different macroscopic properties. To date, the absence of ex-
perimental approaches capable of directly probing the rela-
tive strength of wavevector (or momentum)-dependent carrier-
lattice interactions [3] and the interplay between the electronic
susceptibility (χ(q)) and phonon excitations [4, 5] has pro-
foundly hindered progress in understanding quantum materi-
als. Here we show that ultrafast electron diffuse scattering [6–
12] (UEDS) provides a direct window on these interactions by
unraveling the fundamental mechanisms involved in the zone-
boundary transverse phonon softening that is associated with
the CDW transition in TiSe2 [13]. In both time and momen-
tum, UEDS separates the effects of phonon-frequency renor-
malization resulting from impulsive photocarrier doping (and
its associated effect on χ(q)) from the subsequent effects of
lattice heating that result from the re-equilibration of electron
and lattice systems.
A layered transition metal dichalcogenide [14], TiSe2 ex-
hibits a rich phenomenology emerging from carrier-lattice
interactions [15–17]. An indirect semi-metal at room tem-
perature [18, 19] (FIG. 1 a-b)), electron-hole (exciton) pair-
ing [20–23] is present in addition to Cooper-pairing [24, 25]
and CDW order [26]. A commensurate CDW phase forms
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below Tc ≈ 190 K that exhibits a 2× 2× 2 superlattice re-
construction [26, 27] depicted in FIG. 1 d) This transition
is preceded by the observable softening of the entire M–L
transverse phonon branch (see FIG. 1 c)) over a tempera-
ture range greater than 150 K above Tc [13], suggesting that
the electron-phonon coupling could play an important role
in the emergence of CDW order and the selection of an or-
dering vector [28]. This softening has been investigated by
both diffuse [13] and inelastic [28] X-ray scattering, however,
these equilibrium measurements provide limited information
on the nature of the microscopic couplings responsible for
the observed phonon softening. Recently, static momentum-
resolved electron energy loss experiments [29] have also mea-
sured the dispersion and softening of a plasmon mode in TiSe2
over a similar temperature range. This work along with other
studies [17, 30–35] point to the strong influence of electron-
hole correlations that in turn may drive the CDW transition.
This scenario is best understood as an exciton condensate pre-
dicted over 50 years ago [20]. In the Cu-intercalated species,
CuxTi1−xSe2, CDW order is quenched, yielding a supercon-
ductor [15, 24] which suggests a delicate relationship between
the carrier concentration and the lattice stability.
In this article, we present ultrafast electron diffuse scatter-
ing (UEDS) measurements on 1T-TiSe2 in the normal phase at
300 K. Our focus is on the fundamental mechanisms that un-
derlie the observed softening of the zone-boundary transverse
phonon branch along M-L of the Brillouin zone (BZ). As men-
tioned above, this branch softening is associated with the three
dimensional CDW transition at lower temperatures, whose or-
dering vector runs through the L points of the BZ of the nor-
mal phase. Figure 1 e) shows a schematic of the experimental
geometry. We have previously shown that UEDS provides a
momentum-resolved view of phonon dynamics [8, 10] in a
pump-probe configuration with ∼100 fs time resolution [36].
Here we show that UEDS also allows for the separation of
impulsive changes to the real part of χ(q) induced directly by
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FIG. 1. TiSe2 properties and experimental schematic. a) Illustration
of valence and conduction bands in TiSe2. 1.55 eV photons drive
electronic transitions into a partially occupied conduction band min-
ima at the M-point of the Brillouin zone. The valence (conduction)
band at Γ (M/L) is formed by Ti–3d (Se–4p) orbitals. b) Fermi sur-
face contours showing the bands in a) in the TiSe2 Brillouin zone.
c) Dispersion of the transverse phonon in TiSe2 illustrating softening
of the frequency at the M and L points yielding a Kohn anomaly. d)
Brillouin zone of TiSe2 in the high- (P3¯m1) and low- (P3c1) tem-
perature phases. Dashed black (solid blue) line illustrates the Bril-
louin zones of the normal (CDW) phase. The M-points of the high-
temperature phase are Γ-points in the CDW phase. e) Experimental
configuration for the ultrafast electron scattering experiments, with
the electron beam oriented along the [001] zone axis of TiSe2.
photo-doping from the subsequent coupling of electronic exci-
tation energy into the phonon system. The former is observed
as a strong, wavevector-specific renormalization (stiffening)
of the transverse soft-mode at the M and L points, and the
latter as a nearly isotropic heating of phonon modes through-
out the BZ. We identify no specific strongly coupled phonon
modes in TiSe2 [37] from the perspective of electron-phonon
energy transfer (or lattice heating), indicating that a highly
anisotropic χ(q) and its dependence on carrier concentration
is the primary driver of the phonon softening and lattice insta-
bility in TiSe2.
II. ELECTRON-PHONON COUPLING AND THE
STRUCTURED SUSCEPTIBILITY
The renormalization of a phonon frequency ω(q) due to the
coupling between electrons and phonons is determined by the
structured electronic susceptibility χ(q) according the follow-
ing equation [4, 5, 38]
ω2(q) = ω20 (q)−ω0(q)χ(q)
/
h¯, (1)
where ω0(q) is the bare frequency in the absence of coupling.
In Eqn. (1), χ(q) is given by
χ(q) =− 2
N∑k ∑a,b
〈gq,ab〉2
f (ε0k,a)− f (ε0k−q,b)
ε0k,a− ε0k−q,b
, (2)
where N is the particle number and k is the electronic
wavevector. The electron-phonon coupling vertex, gq,ab, de-
scribes the rate of inelastic single electron scattering between
states of energies ε0k,a and ε
0
k−q,b in bands a and b (respec-
tively) through the simultaneous creation or annihilation of
a phonon with wave-vector q. The magnitude of this vertex
(or the rate of scattering) depends on the strength of the po-
tential energy modulation experienced by the electron due to
lattice displacements associated with phonons of wavector q;
i.e. phonon coordinates associated with a large energy modu-
lation have an enhanced gq.
The occupancy of the electronic states is given by the dis-
tribution functions f (ε0k,a) and f (ε
0
k−q,b). The term f (ε
0
k,a)−
f (ε0k−q,b)
/
ε0k,a− ε0k−q,b in Eqn. (2) is the static Lindhard re-
sponse function and is often called the bare susceptibility,
χ0(q), which differs from the structured susceptibility by
the factor gq,ab. The distribution functions f are not re-
stricted to equilibrium Fermi-Dirac statistics, thus the form of
Eqn. (2) is valid for non-equilibrium scenarios. The structured
susceptibility χ(q) is understood to have units of states/eV
and reduces χ0(q) when gq,ab has an no wavevector depen-
dence. The bare electronic susceptibility describes the linear
response of the many-body electron system to lattice poten-
tial modulations at wavevector q. It governs the strength of
q-dependent dielectric screening according to the underlying
electronic states at all wavevectors k along with the availabil-
ity of states at k−q [39].
It is worth mentioning that in the ultrafast literature,
‘electron-phonon coupling’ has been used almost exclusively
to describe the inelastic scattering processes involved in
electron-lattice equilibration following photoexcitation. Such
effects are due to gq (henceforth the a,b band dependence
is dropped for simplicity). However, in literature on CDW
materials (both theory and experiment) ‘electron-phonon cou-
pling’ more often refers to effects primarily controlled by
χ(q) rather than gq. That is, phenomena related to the dielec-
tric screening of the lattice by carriers, Fermi-surface nest-
ing and the re-normalization of phonon frequencies [2, 4]
(soft modes and structural instabilities). Qualitatively distinct
phenomena are described by χ0(q) and gq, yet both are of-
ten described as electron-phonon coupling. In the remain-
ing sections, we demonstrate how the UEDS technique unrav-
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FIG. 2. Ultrafast electron scattering of TiSe2. a) Equilibrium electron scattering pattern with various Bragg peaks (Γ-points) and high-
symmetry points (M and K) of the Brillouin zone identified. Inset: Intensity line-cuts through M-points along the a∗ (grey) and b∗−a∗ (green)
directions in reciprocal space. The green line-cut intersects a thermal diffuse peak due to a populated transverse acoustic phonon mode. The
peak is not present in the grey line-cut in the other direction because of the magnitude of the one-phonon structure factor in Eq. (4). b)
Normalized intensity change at a pump-probe time-delay of 400 fs. Regions of decreasing intensity are found not only at the Γ-points by also
at particular M-points where strong TDS intensity from the transverse acoustic mode appears. These regions are indicated in multiple Brillouin
zones by the black circles. These results are in strong agreement with scattering intensity simulations using density function theory results G.
Inset: Intensity change of green line-cut shown in a) for various time-delays. The noise level of the measurement is indicated by the error bar
of 0.2%.
els these qualitatively distinct effects and reveals momentum-
dependent electron-phonon coupling in substantial detail.
III. EXPERIMENTAL RESULTS: UEDS FROM
PHOTODOPED TiSe2
The intensity of first order, thermal-equilibrium diffuse
scattering (TDS) at temperature T is given by
I1(q) ∝∑
j
n j(q)+ 12
ω j(q)
∣∣F1 j(q, eˆ j)∣∣2 , (3)
where n j(q) = coth(h¯ω j(q)/2kBT ) and ω j(q) are the oc-
cupancy and frequency of phonon mode j respectively.
F1 j(q, eˆ j) is the one-phonon structure factor which weights
the contribution of phonon j according to the projection of its
polarization vector eˆ j onto q (see Appendix D). For the case
of low-frequency phonons (h¯ω kBT ), Eqn. (3) simplifies to
I1(q) ∝∑
j
T
ω2j (q)
|F1 j(q, eˆ j)|2. (4)
For the interpretation of the results that follow it is impor-
tant to note that in-plane phonon frequencies in TiSe2 are all
below ∼ 9 THz, and that the frequency of phonons along
the soft M-L transverse branch are in the 1 - 2 THz (4 - 8
meV) range. Thus, all in-plane modes are thermally popu-
lated at 300 K and contribute to the TDS observed before
photoexcitation (Eqn. (3)). The soft-phonons, in particular,
are significantly populated. This distinguishes the current ex-
periments from our earlier work on graphite [8, 10], where
the in-plane phonon frequencies are so large, effectively only
zero point motion is present in all but the zone-center acous-
tic modes prior to photoexcitation at 300 K. Here, significant
thermal fluctuations of the lattice along all phonon coordinates
are present before photoexcitation. TDS intensity provides a
measure of the amplitude of these fluctuations at all phonon
momenta. By extension, one expects that UEDS measure-
ments should (in principle) be sensitive to any modulation in
the amplitude of these thermal fluctuations that results directly
from the photodoping of carriers in addition to the subsequent
heating of the lattice through electron-phonon re-equilibration
as has been previously shown [6–10].
An equilibrium electron scattering pattern of semi-metallic
TiSe2 in the normal phase taken along the [001] zone axis is
shown in FIG. 2 a). Hexagons indicate the BZs with Bragg
peaks located at the zone centers (Γ-points). Also indicated
are two different M-points, one between zones 120 and 210
(green) and another between 110 and 210 (orange), along
with a K-point (red). Intensity line-cuts shown in the inset
of FIG. 2 a) reveal a TDS peak at q = ( 32 ,
3
2 ,0), the M-point
between 120 and 210, produced primarily by a thermally oc-
cupied low-frequency transverse phonon. This phonon peak
is not observed at q= ( 32 ,1,0), the M-point between 110 and
210, because F1 j(q, eˆk j) is much smaller (Appendix G). This
definitively demonstrates that this is a phonon TDS peak not a
weak CDW reflection. We denote M‖ as the M-points which
4exhibit a TDS peak in equilibrium and M⊥ as those which do
not. Qualitatively, the difference between M‖ and M⊥ can be
understood by considering that the soft mode is primarily of
transverse character; atomic motion is primarily orthogonal
to the wavevector at the M-points (i.e. orthogonal to the or-
ange/green lines indicated). Transverse polarization is nearly
parallel to q at the M‖ point, but nearly orthogonal to q at the
M⊥ point which has a strong effect on the dot product in the
single phonon structure factor (see Eqn. (3)) .
The UEDS measurements are carried out in transmission
mode at 90 keV in an RF-compressed instrument described
in Refs. [36, 40] and Appendix A. The sample is photo-
excited nearly collinear (∼ 5o) with the electron beam illu-
mination. Photo-excitation of TiSe2 at 1.55 eV drives ver-
tical transitions in the M-L region of the BZ [18, 41–43],
effectively photo-doping additional carriers into the electron
pockets near the Fermi level (see FIG. 1 b)). Following this
photo-excitation, we measure the non-equilibrium dynam-
ics in the phonon system through the normalized intensity
changes ∆I¯(q, t) = I(q,t)−I(q,0)I(q,0) as a function of pump-probe
time delay t where I(q,0) is the equilibrium scattering pattern.
Figure 2 b) shows ∆I¯(q, t) at t = 400 fs. Immediately evident
is the anticipated reduction in Bragg peak (inset, FIG. 2 b))
intensities at the Γ-points from the Debye-Waller effect. In
addition, however, is the striking and surprising intensity de-
crease found at the M‖-points where strong TDS signal from
the transverse phonon is found (indicated with circles in sev-
eral highlighted BZ). Line-cuts from 120–M–210 for various
time delays (inset, FIG. 2 b)) indicate that the overall negative
∆I¯(q = M‖, t) lasts only for ∼ 1 ps, yet the relative suppres-
sion is even stronger than those of the neighbouring Bragg
peaks (FIG. 2 b)). This quasi-impulsive suppression of diffuse
intensity at M‖-points is followed by a rise similar to other
points of the BZ. The intensity remains approximately con-
stant (steady-state) for time-delays beyond 5 ps. The dynam-
ics at Γ = 120,210 continue to decrease beyond 1 ps as ex-
pected from overall increasing the Debye-Waller factor from
lattice heating and phonon anharmonic decay processes [8].
We investigate these data further by comparing the com-
plete time-dependence at various points in the BZ. Figure 3
shows UEDS intensity dynamics at the M-, K-, and Γ-points
shown in FIG. 2 a). The Γ = 110-point exhibits a single-
exponential dependence involving a 1.09 ± 0.03 ps time-
contant. This Bragg peak Debye-Waller behavior is repro-
duced at all Γ-points of the scattering pattern and describes
the average increase in the mean-square vibrational amplitude
of Ti and Se atoms due to the differential phonon excitation
across all branches. This behavior is very similar to the dif-
fuse intensity dynamics measured at M⊥ and K (FIG. 3) which
report the transient phonon occupancies at that q the BZ as ex-
pected from Eqn. (4). The intensity dynamics found at M‖ are
fit to a bi-exponential model convolved with a Gaussian in-
strument response function (IRF) with full-width-at-half max-
imum of 130 fs. The fitting results indicate an initial drop
occurring with a time-constant of 109± 21 fs followed by a
643±110 fs rise in scattering intensity. The K and M⊥ inten-
sities are fit to single exponentials and have 1267±189 fs and
976±295 fs time constants respectively.
FIG. 3. Ultrafast electron diffuse intensity dynamics at various points
of the Brillouin zone along with the Γ110 (Bragg peak) Debye-Waller
dynamics. The M⊥ trace is shifted for clarity. The Γ110 trace is
scaled by a factor of 1/4. The error bars are determined from the
statistics of the intensity before photo-excitation (t = 0).
IV. PHONON RENORMALIZATION
Inspection of Eqn. (3) indicates that a decrease in I1(q =
M‖) could result from either a reduction in n j (effective cool-
ing of phonons j) or an increase in frequency ω j(q= M).
Photo-excitation at 1.55 eV drives direct/vertical transitions
into the electron pocket at the M and L points [18, 43], not
indirect transitions, and deposits significant electronic en-
ergy (0.1 eV per unit cell) into the material. Given these
facts, the unlikely scenario of impulsive cooling of specific
phonons can entirely be ruled out. Therefore, we attribute
the quasi-impulsive anisotropic suppression in diffuse inten-
sity at M‖ (FIG. 2) and FIG. 3) and L (Appendix E) to
the re-normalization (stiffening) of the zone-boundary (M/L)
transverse phonon mode frequency ωT(q = M). This phe-
nomenon can be distinguished from the heating of phonon
modes throughout the BZ (FIG. 3), which is observed as an
increase in diffuse intensity an order of magnitude slower.
Equation (1) and (2) describe the phonon renormaliza-
tion behaviour we observe. The UEDS data for M‖ shown
in FIG. 3 provides a clear demonstration of both χ(q) and
gq related electron-phonon coupling phenomena. The initial
109± 21 fs intensity decrease is a direct measure of the im-
pulsive change in χ(q = M) created by ultrafast electronic
excitation, which manifests as a stiffening of ωT according to
Eqn. (1). This behavior arises from impulsive changes to the
electronic distribution functions found in Eqn. (2) following
photo-excitation (i.e. photo-doping carriers into the electron
pocket, Fig. 1a) and is thus a purely electronic effect. The sub-
sequent 643±110 rise in diffuse intensity at M‖, however, is
due to a combination of the two effects; i) lattice heating gov-
erned by gq and ii) ‘re-softening’ of the phonon due to carrier
scattering out of the electron pocket (as we show below) yield-
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FIG. 4. Time-resolved soft-mode scattering in TiSe2. a) Diffuse scattering from the transverse soft-mode at q = ( 32 ,
3
2 ,0) (M‖) shown under
equilibrium conditions (gray) and at a pump-probe delay of 400 fs (green) illustrating a suppression of the peak amplitude due to phonon
stiffening. b) Scattering intensity after 5 ps, also with the equilibrium data from a), where the dominant effect is the increased diffuse
background due to lattice heating. The peaks are fit at all pump-probe time-delays to extract the time-dependent amplitudes and diffuse
background offsets. c) Fit results for M‖ amplitude (absolute value shown) and diffuse background versus time. The background amplitude is
scaled by a factor of 10 for presentation (the actual background rise at late times in roughly 1% consistent with FIG. 2 and 3). Photo-carrier
density at M determined from time and angle resolved photo-electron spectroscopy [33] is shown as the gray curve. The error bars in both a)
and b) are determined by intensity counting statistics and the standard error in c) is determined from the fitting routine covariance matrix.
ing a redistribution of the electronic distribution functions.
This behaviour is in contrast to the K and M⊥ points in FIG. 3
where only a slower (∼1 ps) diffuse intensity increase associ-
ated with lattice heating (phonon emission at that wavevector)
are observed. We observe no other impulsive suppression of
I1(q) at other regions of the Brillouin zone, suggesting a pro-
nounced anisotropy of χ0(q). Our density functional theory
calculations (Appendix G) reproduce the phonon renormal-
ization behaviour for the ωT phonon. Simulations of the dif-
ferential I1(q) intensity for different mode frequencies show
excellent agreement with the measured intensity presented in
FIG. 2 b).
The magnitude of the scattering intensity from the M–
point soft-mode forms a peak roughly 10 times smaller than
the nearby Γ = (120) and Γ = (210) Bragg peaks (Inset of
FIG. 2 a). The equilibrium M‖ intensity is shown in FIG. 4 a)
and can be reliably fit to a Gaussian lineshape function with
an offset. The amplitude of the lineshape is proportional to
1/ω2T (Eqn. 4) at the earliest delay times (∼ 200 fs), before
significant lattice heating (see Appendix D), and n/ωT at later
times. The background intensity offset provides a measure of
the diffuse background from the entire lattice system at that
q. Fitting a Gaussian plus offset to the transient intensity at
all time-points allows for the separation of these two distinct
physical processes. The results are presented in FIG. 4 c. The
M–point soft mode peak intensity at time-delays of 400 fs
and 5 ps are displayed in a) and b) respectively along with
best-fits. The dynamics of the peak amplitude shows two
times-scales: IRF limited (130 fs) increase (ω2T renormaliza-
tion), followed by a ∼ 700 fs recovery of intensity. The dif-
fuse background describing the lattice heating increases ac-
cording to a single ∼ 1 ps time-scale, consistent with the to-
tal intensity dynamics directly measured at K, M⊥ and Γ in
FIG. 3. Photo-carrier dynamics in 1T-TiSe2 have been di-
rectly measured by time and angle-resolved photo-electron
spectroscopy [33, 43] (tr-ARPES). These studies have deter-
mined the lifetime of the photo-doped carriers in the electron
pocket at the M-point, which is shown in FIG. 4 c (black line)
along with the results for fitting the M‖ peak. These carrier
dynamics cause χ(q = M) to relax back towards its equi-
librium value. Based on the trARPES results, it is expected
that the quasi-impulsive, stiffening of ωT is followed by a ‘re-
softening’ on the observed carrier relaxation timescale. This
feature is reproduced in our extraction of the amplitude of the
phonon peak at M‖. The analysis presented in FIG. 4 directly
determines the frequency renormalization component of the
change in soft-mode scattering amplitude. This renormaliza-
tion leads to a peak amplitude change of 40%, significantly
larger than that shown in FIG. 3 (∼ 1%) when examined in
this manner because the intensity offset from the scattering
due to other modes has been subtracted. For the incident flu-
ence of 4 mJ/cm2 applied in these experiments, we estimate
a photo-carrier density of ∼ 1× 1021cm−3, corresponding to
∼ 6% excited unit-cells on average.
A complimentary analysis can be performed to identify the
phonon renormalization component directly from the UEDS
intensity under the assumption that gq is relatively constant
throughout the Brillouin zone as our results strongly suggest
(FIG 2 and Appendix C). By subtracting the heating com-
ponent from other phonons (not the transverse mode which
stiffens) determined from the UEDS data at M⊥ where q =
(0, 52 ,0) (Appendix F). At this q, F1 j(q) has essentially zero
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FIG. 5. Magnitude of frequency renormalization for the soft trans-
verse mode in TiSe2 determined by transient scattering intensities at
M–points (see Appendix F for details). The gray Gaussian curve
depicts instrumental temporal response function. The inset is a
schematic representation of the change in phonon band for the soft-
mode.
contribution from the transverse soft mode. With these lat-
tice heating components removed, we obtain an estimate of
the “pure" phonon frequency re-normalization component of
the UEDS signal measured at M⊥. We present (∆ωT/ωT)2
obtained this way in FIG. 5. This complimentary analysis of
the data shows a resolution-limited (130 fs) phonon stiffening
followed by a 629± 247 fs softening, in agreement with the
results of FIG. 4 c. This provides firm evidence that the ob-
served phonon frequency renornalization is directly related to
the carrier density in the electron pocket and such an effect is
fundamentally different from the scattering found at all other
regions of reciprocal space.
TABLE I. Electron-lattice equilibration rates.
momentum q time-constant (fs) rate (THz)
Γ 1070±30 0.93±0.27
K 1270±190 0.79±0.12
M⊥ 980±290 1.03±0.31
M‖ (ωT–soft mode) 1170±300 0.88±0.21
V. DISCUSSION
The data presented leads directly to the conclusion that the
electron-phonon coupling vertex (gq) is not significantly en-
hanced for the soft zone-boundary phonons. In 1T-TiSe2, gq is
(to a good approximation) wavevector independent, while the
photoinduced modulation of χ(q) is strongly wavevector spe-
cific. The time constants and rates are summarized in Table I.
The ability to unravel these components of electron-phonon
coupling is significant for the physics of CDW phases more
generally, in particular the apparent competition with super-
conductivity [15], and is possible because of the combined
momentum and time-resolution of UEDS.
Our measurements reveal that photo-doping free carriers
into the electron-pocket of TiSe2 selectively ‘decouples’ the
ωT phonon mode, stiffening the vibration, i.e., ωT is directly
correlated with free carrier density. However, in striking con-
trast to graphite [8] where the phonon modes that exhibit Kohn
anomalies are also those into which electronic excitation en-
ergy flows most rapidly due to a strongly enhanced gq, in
TiSe2 there is no evidence of such an anisotropy in gq. From
the perspective of the rate at which energy is transferred be-
tween free carriers and phonons, no strongly coupled phonon
modes were observed. The soft phonon at the M-point does
not exhibit an enhanced gq and is not strongly coupled to free
carriers in this sense. This provides complementary informa-
tion to previous time- and angle resolved photo-electron spec-
troscopy measurements of semi-metallic TiSe2 [33]. These
studies observed that photo-carrier doping at the Γ-point leads
to an impulsive modification of the photo-emission signal at
the M-point that was interpreted as being due to a disruption
of excitonic correlations by excess free carriers. Our work
shows that re-normalization of the transverse soft mode fre-
quency also accompanies the injection of free carriers into the
electron pocket, establishing a direct relationship between the
energy of the soft mode and dielectric screening by free carri-
ers.
Previous calculations of the bare susceptibility in TiSe2
show weak divergences (enhancements) at Γ and along M-
L [15, 38]. There are two potential explanations for the ob-
served weakening of the M-L divergence (i.e. stiffening of
the zone boundary phonons) resulting from photodoping free
carriers into the electron pocket. First, photodoping yields
a straightforward modulation of the carrier distribution func-
tions (Eqn. (2)), and this increased carrier density suppresses
χ0(q = M). Second, the photodoped carriers enhance the di-
electric screening of excitonic interactions [22, 38] that are
present in the system before photoexcitation. Such correla-
tions have been identified as important in TiSe2, as they can
govern the structure of the electronic bands near the Fermi-
level and could be responsible for a substantial portion of the
divergence in χ0(q) at M even at room temperature. We are
not in a position to distinguish between these two possibilities
in the current study. Both of these explanations are qualita-
tively consistent with our measurements and the temperature
dependence of the softening observed previously [13]. How-
ever, we propose that a subsequent temperature and photocar-
rier density (excitation fluence) dependent study could poten-
tially distinguish between these possibilities when combined
with theoretical predictions, in particular if complementary
trARPES data were also available. It is also interesting to note
that photodoping does not have a pronounced effect on the di-
vergence in the bare susceptibility predicted to be present at
Γ [38], since no similar impulsive renormalization of phonon
frequencies around Γ is observed. This effect appears to be
restricted to the soft zone boundary transverse phonons.
The observation that the electron-phonon vertex gq in TiSe2
is approximately constant as a function of wavevector is con-
sistent with the dominant coupling between lattice displace-
ments and the energy of electronic states being local in space
[15]. That is, it is the phonon modulation of nearest neighbour
Ti–Se distances that is critical to this coupling; the energy of
7the electronic states near the Fermi-level is sensitive primarily
to the local chemical environments (orbital overlap) between
nearest neighbour Ti and Se atoms. For the case of the soft-
phonon it has been previously proposed [15] that the disper-
sion and softening is almost exclusively the result of the Ti-3d
chemical environment.
VI. CONCLUSIONS
In conclusion, we have applied UEDS to separate distinct
contributions to momentum-dependent electron-phonon cou-
pling in a complex material. UEDS signals are profoundly
sensitive to the photoinduced modulation of lattice structural
fluctuations along phonon coordinates at all wave vectors,
and naturally separate effects due to phonon frquency renor-
malization from those due to mode-dependent phonon heat-
ing. Thus, UEDS measurements are profoundly complemen-
tary to EELS measurements, which are sensitive to ℑ [χ(q)],
and ARPES measurements, which directly probe the occu-
pancy of electronic states. Our results demonstrate that the
electron-phonon coupling vertex is relatively isotropic in the
Brillouin zone of TiSe2. This suggest that local interactions
between nearest neighbour Ti and Se atoms are the dom-
inant contribution to gq. By contrast, free carrier density
in the electron pocket is found to govern the frequency of
the soft-mode involved in the CDW transition in TiSe2. A
highly anisotropic electronic susceptibility strongly depen-
dent on electron pocket free carrier density is the dominant
mechanisms driving the temperature dependent phonon soft-
ening observed in measurements of TiSe2 at equilibrium.
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FIG. A1. Crystal structure of the high-temperature phase of TiSe2.
Ti atoms are surrounded by Se octahedra, adjacent layers are bound
by van der Waals forces.
Appendix A: Experimental Methods
1. Ultrafast electron scattering experiment
In these experiments, the 90 keV bunch charge per pulse
was roughly 5×105 e− and the temporal resolution was deter-
mined to be ∼ 130 fs [36] prior to the measurements. The
repetition rate of the experiment was 1 kHz and scattered
electrons were collected by a Gatan Ultrascan 1000 detector
during a 10 second exposure. 48 idential pump-probe delay
scans where carried out over the course of roughly 18 hours
and averaged together with no time-zero correction applied in
post-processing. The bulk 1T–TiSe2 flakes were purchased
from HQ Graphene and the sample was prepared by ultra-
microtome at the McGill facility for electron microscopy re-
search to a thickness of 70±10 nm and placed over an TEM
substrate (5 nm amorphous carbon) consisting of a 200 µm
radius aperture yielding an effective sample area of roughly
1.3× 105 microns squared. The sample is excited with 1.55
eV (800 nm) and 50 fs (FWHM) laser pulses focused to
450 µm (FWHM).
2. Data processing and analysis
Ultrafast electron scattering data is processed and analysed
using the free and open-source program iris [44], which is
built on top of the scikit-ued and npstreams Python li-
braries.
Appendix B: Properties of Titanium diselenide
1T–TiSe2 crystallizes in the layered trigonal structure con-
sisting of TiSe6 octahedra (see Figure A1). 1T–TiSe2 has
a low-temperature phase (space-group: P3c1 [158]) and a
high-temperature phase (space-group: P3¯m1 [164]). The low-
temperature phase is a 2×2×2 superstructure of the high-
8temperature phase. The high-temperature phase of TiSe2 is
semi-metallic [18] and the electronic band structure at the
Fermi energy is formed by partially empty Se–4p valence
bands at Γ and partially occupied Ti–3d conduction bands at
M and L of the Brillouin zone. In the semi-metallic phase,
the octahedra are ordered, while they are distorted in the
low-temperature phase resulting in a commensurate 2×2×2
charge-density wave system. The general effect of octahedral
distortion leads to the back-folding of electronic band states
(and therefore to the opening of a band gap). The lattice con-
stants are a = b = 3.54 Å and c = 6.01 Å determined by the
manufacturer.
Appendix C: Isotropy of the transient Debye-Waller effect
We observe in our measurements that the transient Debye-
Waller effect is to a good approximation isotropic in mo-
mentum space. Figure A2 shows four traces comparing q =
(300) with q = (030) and q = (210) with q = (120). For
q = (300) and q = (030) reflections we find time constants
of 1.15± 0.03 ps and 1.17± 0.04 ps respectively. For the
q = (210) with q = (120) reflections we find time constants
of 1.45±0.21 ps and 1.32±0.22 ps respectively. As seen in
FIG. A2, the magnitude of the intensity suppression is nearly
identical at the same |q| in either the a∗ or b∗ directions.
Appendix D: Diffuse scattering intensity
The first-order equilibrium thermal diffuse scattering
(TDS) intensity at q is given by
I1(q) ∝∑
j
|F1 j(q)|2
ω j(q)
coth
(
h¯ω j(q)
2kBTj
)
(A1)
≈∑
j
n j
ω j(q)
|F1 j(q)|2, (A2)
where ω j(q) is the phonon frequency and Tj is the effective
temperature of phonon mode j. More generally, the occu-
pancy of phonons in branch j is denoted by n j. Equation (A1)
describes the contribution of all phonons to the scattering in-
tensity. F1 j(q) is the one-phonon structure factor which is
given by [45]
|F1 j(q)|2 =
∣∣∣∣∑
s
exp(−Ws(q)) fs(q)√µs
(
q · eˆ j,s,k
)∣∣∣∣2 , (A3)
where Ws(q) is the Debye-Waller factor, fs(q) is the atomic
form for atom s and eˆ j,s,k as the polarization vector of phonon
j with wavevector k = q−G; G is a reciprocal lattice vector
and q is the scattering vector.
As indicated by Equation (A3), the one-phonon structure
factors strongly depend on the product q · eˆ j,s,k, the projec-
tion of the phonon polarization onto reciprocal space, q. The
hyperbolic cotangent term in Equation Equation (A1) is pro-
portional to the phonon occupation. When h¯ω j(q) < kBTj,
Eqn. A1 can be approximated as
I1(q)≈ 2kBh¯ ∑j
Tj
ω j(q)2
|F1 j(q)|2. (A4)
This approximation is valid for phonons with frequencies less
than ∼ 6 THz ∼ 25 meV at room temperature. In TiSe2 this
is always true for the soft phonon mode, which softens com-
pletely at the phase transition temperature, Tc, and stabilizes
to roughly 3 THz at high temperature (see Appendix G).
1. Intensity change at M‖: Approximate fast dynamics
Ultrafast electron diffuse scattering measures Eqn. (A1)
and (A4) in time. The normalized intensity change of the first-
order thermal diffuse intensity is given by
∆I¯(q, t)≡ I1(q, t)− I1(q,0)
I1(q,0)
(A5)
=
∑ j
n j(t)
ω j(q,t)
|F1 j(q)|2−∑ j n j(0)ω j(q,0) |F1 j(q)|2
∑ j
n j(0)
ω j(q,0)
|F1 j(q)|2
,
where we have assumed that F1 j(q) does not change with time
and that we have remained general in using n j(t) the phonons.
We expect only the transverse soft-mode in TiSe2 (T) phonon
to harden at q= M. Inserting Eqn. (A4) for j =T and assum-
ing that for the other modes ( j 6= T) ω j(q, t) = ω j(q,0). This
yields
∆ I¯(q= M, t)≈ (A6)
≈
(
nT(t)
nT(0)
ωT(0)
ωT(t)
−1
)
+
∑ j 6=T
n j(t)−n j(0)
ωq j(0)
|F1 j(q)|2
∑ j 6=T
n j(0)
ωq j(0)
|F1 j(q)|2
.
≈
(
TT(t)
TT(0)
ω2T(0)
ω2T(t)
−1
)
+ other phonon modes.
In obtaining Eqn. (A6), we have assumed that |F1T(q)|2 >
|F1 j(q)|2 for all j, which is confirmed by our computational
analysis (Appendix G). The first term in the above equation
describes the intensity contribution from the T mode alone,
in terms of both TT(t) and ωT(t). The second term describes
the change in phonon mode occupancies (proportional to Tj)
undertaken by all phonons except T and physically contributes
to the diffuse background.
The relationship between ωT and the electronic susceptibil-
ity χ(q) suggest a rapid timescale for photo-induced changes
in ωT(t). This is because χ0(q) ∝ f (ε), the electronic distri-
bution functions (Eqn. (2)) which are effectively impulsively
altered by photo-excitation [31, 33, 46] as demonstrated by
time-resolved ARPES experiments. This effect allows us to
treat TT(t) ≈ TT(0) as roughly constant over the time-scale
during which ωT varies due to re-normalization (first 400 fs
as evidenced by the data Ref. [33]). We assume that this is
also true for the other modes given the times-scales present in
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FIG. A2. Left: Transient Debye-Waller effect along different reciprocal lattice directions measured by ultrafast electron diffraction. Inset:
Portion of the TiSe2 diffraction patten indicating the (300), (210), (120) and (030) Bragg peaks. Right: Computation of the anisotropic
Debye-Waller factor ∑s Ws(q) using density functional theory (see Appendix G) for TiSe2 showing no significant anisotropy.
the diffuse scattering data, suggesting that there a no phonon
modes coupled strongly enough to compete with ωT(t). The
phonon re-normalization component of ∆I¯T(q=M‖, t) is then
given simply by
∆I¯T(q= M‖, t) =−
(
1− ω
2
T(0)
ω2T(t)
)
. (A7)
The present work suggests a time-dependent χ0(q = M)
following photoexcitation yields a re-normalization in ωT(t)
relative to ωT(t ≤ 0) before photo-excitation. Making use of
this we have
∆I¯T(q= M‖, t) =−
(
1− h¯ω0−2g
2
qχ0(0)
h¯ω0−2g2qχ0(t)
)
. (A8)
Equation (A8) describes the dynamics found in the results
found in the main text. Optical excitation reduces χ0(t >
0) producing a decreasing ∆I¯T(q = M‖, t) because of tran-
sient hardening of the transverse phonon. By treating photo-
induced changes in χ0(t) as small (χ0(t) ≈ χ0(0)−∆χ0(t)+
· · · ) we obtain
∆I(q= M‖, t)≈−
2g2q∆χ0(t)
h¯ω0−2g2qχ0(0)
. (A9)
Appendix E: Ultrafast electron scattering in the Γ–M–Γ–L
plane
We also performed measurements with the TiSe2 sample
tilted at an angle to view the dynamics at the L point of recip-
rocal space. We observe the same phonon softening behavior
here, albeit with slightly reduced temporal resolution due to
the velocity mismatch of the electron and optical pulses in
this orientation. This is shown below in FIG. A3.
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FIG. A3. Ultrafast electron scattering in TiSe2 at an angle corre-
sponding to the Γ–M, Γ–L plane. Time traces shown to the right
exhibit the impulsive renormalization decrease described in the main
text.
Appendix F: Analysis of phonon renormalization
In this appendix we present complimentary analyses of the
phonon renormalization effect described in section V.
1. Extraction from transient electron scattering intensity
The contribution of the phonon hardening induced change
in diffuse scattering at M‖ (q =
( 3
2 ,
3
2 ,0
)
, see FIG. A4 a))
is isolated from the total signal by considering the diffuse
rise found at another M–point in reciprocal space at a very
similar |q|. This M–point, M⊥ at q =
(
0, 52 ,0
)
, is shown in
FIG. A4 b). This data represents an average time-scale for
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FIG. A4. Extraction of phonon hardening component of ultrafast electron scattering intensity at q=M. a) normalized intensity at q =
(3/2,3/2,0) =M‖ fit to a bi-exponential. b) Diffuse intensity rise at q = (0,5/2,0)=M⊥ where no rapid decrease is observed. c) Data from
a) with data from b) subtracted (then multiplied by −1) along with a bi-exponential fit. a) Ultrafast electron scattering data from the M‖ point
(also shown in Fig. 3a). b) Photo-excited electrons at M from Ref. [33]). c) Result of subtracting the traces from a) and b), corresponding to
leftover phonon heating at M.
the increase in phonon occupancy at such a point due to lat-
tice heating from electron-phonon coupling which we show
earlier (Appendix C) is isotropic to a very good approxima-
tion. This data is fit to a single exponential given by (fitting
parameters given in Table I)
f (t− t0) =Θ(t− t0)×A(1− exp(−(t− t0)/τ)) .
This fit is then subtracted from the data shown in FIG. A4 a)
yielding the data shown in c) (absolute value is shown to de-
pict specifically the increase in phonon frequency). This data
is then fit to a bi-exponential function of the form
g(t− t0) =Θ(t− t0)×A(1− exp(−(t− t0)/τ1))+ · · ·
+Θ(t− t0)×B(1− exp(−(t− t0)/τ2)) ,
for which the fitting results are shown as the dashed line. This
response describes both the fast initial impulsive hardening
followed by the slower softening of the phonon with the heat-
ing contribution approximately removed. For a point of com-
parison, we may also fit the total UEDS intensity dynamics at
M‖ to the same mode and compare the results. The best-fit
parameters are shown in Table I.
TABLE I. Best-fit parameters for the diffuse intensity dynamics at
M‖ and M⊥.
parameter
total M‖ data
FIG. A4 a
phonon component
FIG. A4 c
total M⊥ data
FIG. A4 b
A −0.024±0.004 0.027±0.017 5.2±0.5×10−3
B 0.027±0.004 −0.026±0.017 –
τ1 107±21 fs 152±122 fs –
τ2 643±110 fs 629±247 fs 757±334 fs
t0 56±21 fs 24±28 fs −64±105 fs
2. Extraction of remaining phonon heating using
time/angle-resolved photo-electron spectroscopy data
The data from the M‖ point are shown in FIG. A4 a) and
d) and consists of two distinct components, a fast phonon-
hardening component, and a slower diffuse intensity rise
from all phonons. Monney et al. [33] measured the time-
dependence of the photo-excited carrier distribution at the
M–point of the electronic band structure which is shown in
FIG. A4 e). Although they excite with 1300 nm and hence,
drive vertical transitions at Γ rather than directly at M, their re-
sults show that the excited electrons quickly ( 10–50 fs) popu-
late the nearby band minima located at M. Our results indicate
that these photo-excited carriers play a role in hardening the
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FIG. A5. Comparison of experimental diffraction data with density functional theory calculations. (a) Computed phonon dispersion curve
of TiSe2 in the charge-density wave (CDW) phase and normal phase at two different temperatures showing the renormalization behavior
of the zone-boundary transverse mode (dotted blue line at M and L) and the flat dispersion character between M–L symmetry points. (b)
Experimental (from FIG 2 b) and (c) computation of the intensity difference in diffuse scattering in the Brillouin zone around the (210) peak.
phonon frequency through the suppression of charge screen-
ing effects (and equivalently the reduction of the susceptibility
χ . We can remove the normalized photo-excited electron in-
tensity from the ultrafast electron diffuse scattering data from
the M‖ (FIG. A4 d)) region of the pattern. What remains of the
signal is a∼ 1 ps time-scale (see FIG. A4 f)) rise which agrees
well with the ultrafast electron scattering data at the M⊥ points
where no rapid decreasing intensity (renormalization) is found
(this also agrees with average transient Debye-Waller effect
observed on the Bragg peaks). We can only glean a qualita-
tive comparison of the timescales here since the magnitudes
of these signals will manifest differently because of differ-
ences between the electron scattering and photo-electron spec-
troscopy.
3. Electron-phonon coupling upper bound
We justify our claim that electron-phonon coupling must be
relatively isotropic compared to χ0(q) in the following man-
ner: The ∼ 650 fs rise at M‖ (FIG.3 a) from main text) is
∼ 30% faster than the ∼ 1 ps decrease found at the Γ–points
and ∼ 65% faster than the ∼ 1 ps rise found at K and M⊥.
This establishes that electron-phonon coupling is at most 65%
stronger at M. This difference (or small anisotropy) is much
less than the order of magnitude difference between the 100
fs phonon renormalization due to χ0(q) (via the modulation
of electronic states) and the electron-phonon coupling rate at
the same wave-vector. This upper-bound does not account for
the fact that the phonon must re-soften (Appendix F). Unac-
counted for, this re-softening adds an additional fast compo-
nent to the rise at M‖.
Appendix G: Computational Methods
The computed phonon dispersion curve of TiSe2 indicates
that the transverse soft mode phonon exhibits an imaginary
frequency at the M and L points in the CDW phase (Fig. A5
(a)), which has been reported elsewhere [47, 48]. This is con-
sistent with the additional Bragg peaks at the M and L points
in the diffraction pattern of the CDW phase. In the normal
phase, the transverse soft mode hardens with increasing tem-
perature above the CDW phase transition until its maximum
frequency is reached (see FIG. A5 (a)). In addition to the TA
phonon mode, there is a slight change of the TO mode at the
high-symmetry line Γ–M.
To investigate the effects of phonon hardening with tem-
perature in relation to the intensity change of the diffrac-
tion pattern, we calculated the change in intensity given by
I1 ∝ ∑ j,q 1ω j,q
(
∑sq · eˆ j,q,s
)2 at the Γ120 zone from the phonon
dispersion curves obtained for room temperature and high-
temperature. The difference between both intensities (high-
temperature subtracted from room temperature) is compared
to the experimental differential diffraction data (FIG. A5 (b)
and (c)). While the atomic factor does not contribute to the
relative change in the intensity, the Debye-Waller factor in-
creases at the Γ–point leading to a reduction in intensity and
an increase in intensity in the remaining Brillouin zone. The
computed diffuse diffraction pattern agrees well with the ex-
periment. Figure A5 (c) shows that both computed M‖ points
at (3/2,3/2,0) and (1/2,5/2,0) reveal a stronger intensity
reduction than at the M⊥ points. Furthermore, the M point at
(1/2,2,0) is predicted to be more intense than the correspond-
ing M point at (3/2,2,0) which is consistent with the experi-
mental pattern (Fig. A5 (b)).
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1. Density functional theory approach
The phonon dispersion curves including the phonon fre-
quencies and polarization vectors of TiSe2 were computed us-
ing the PHonon package in Quantum ESPRESSO [49] with
the B86b exchange-coupled [50] Perdew-Burke-Ernzerhof
(B86bPBE) generalized gradient approximation (GGA) [51]
and the projector augmented-wave (PAW) method. The cut-
off energy of the wavefunction (charge density) was con-
verged prior the relaxation leading a cut-off energy of the
wavefunction (charge density) of 82 Ry (972 Ry).
TiSe2 is a layered structure and to include the dispersion
forces between the layers, the exchange-hole dipole moment
(XDM) method was implemented [52]. Prior to the phonon
calculations, the crystal structure was fully relaxed in two
steps. First, the crystal structure was relaxed using a Γ–
centered 24×24×12 k-point mesh, force (energy) threshold
of 10−4 Ry Bohr−1 (10−1 Ry) and a Fermi-Dirac smearing
of 10−3 Ry. In the second step, the atomic positions were
relaxed to a Γ–centered 16×16×16 k–point mesh, force (en-
ergy) threshold of 10−7 Ry Bohr−1 (10−10 Ry) and a Fermi-
Dirac smearing of 1.9×10−3 Ry for the charge-density wave
phase and 1.9×10−2 Ry for the normal phase. The atomic
positions were relaxed until the total force was equal to zero.
The dynamic matrices were computed on 4×4×2 q–point grid
using a self-consistency threshold of 10−16 Ry. The phonon
frequencies/polarization vectors in the triangle Γ-M-K were
interpolated on a 100×67 k-point mesh.
To compute the change in intensity, the difference in I1 ∝
∑ j,q 1ω j,q
(
∑sq · eˆ j,q,s
)2 of the normal phase at room temper-
ature and high temperature was calculated. For the room-
temperature phase, the minimum frequency was set to 53
cm−1 (i.e., minimum frequency of the M-point at room tem-
perature), in agreement with experimental [13] and computa-
tional data [47].
Appendix H: On the validity of the kinematical approximation
Diffraction pattern simulations were performed in order
to confirm that multiple scattering effects were not strongly
present in the data. These simulations were performed fol-
lowing the weak-phase approximation developed in Kirkland
[53] and implemented in scikit-ued [44]. The resulting
simulated pattern for an 8x8 supercell is compared to pre-
photoexcitation data visible on FIG. A6. The lack of sig-
nificant multiple scattering is also evident from the absence
of Kikuchi lines in the scattering patterns [54]. FIG. A6 c)
shows a diffraction pattern of TiSe2 before photoexcitation,
where the contrast has been increased dramatically by taking
the natural logarithm (I 7→ ln(I+1). Even with this increased
contrast, Kikuchi lines are not visible at all.
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